We investigated the formation of X-shaped molecules consisting of joint circular minichromosomes (joint molecules) in Saccharomyces cerevisiae by two-dimensional neutral/neutral gel electrophoresis of psoralencross-linked DNA. The appearance of joint molecules was found to be replication dependent. The joint molecules had physical properties reminiscent of Holliday junctions or hemicatenanes, as monitored by strand displacement, branch migration, and nuclease digestion. Physical linkage of the joint molecules was detected along the entire length of the minichromosome and most likely involved newly replicated sister chromatids. Surprisingly, the formation of joint molecules was found to be independent of Rad52p as well as of other factors associated with a function in homologous recombination or in the resolution of stalled replication intermediates. These findings thus imply the existence of a nonrecombinational pathway(s) for the formation of joint molecules during the process of DNA replication or minichromosome segregation.
DNA replication is a highly coordinated process providing an accurate duplication of the chromosomes required for faithful transmission of the genomic information from mother to daughter cells. Studies of mitotic cells have led to a unified model for DNA replication involving three distinct steps; initiation, elongation, and termination (for a review, see reference 57). Several studies seem to corroborate the general features of the bidirectional replication model, which proposes that pairs of divergent replication forks travel away from their origins until they meet the forks coming from opposite directions from the neighboring replicons (22, 42) . When two replication forks converge at the end of DNA synthesis, the leading-end polymerases advance toward each other, melting the remaining duplex region, and finish the replication by producing catenated DNA molecules (50, 51 ). An alternative model for termination proposed that one of the advancing polymerases dislodges from the template by accumulated torsional stress, so that only one fork can advance. In subsequent reaction steps, including strand displacement and branch migration, hemicatenated DNA is formed and resolved by type I topoisomerases (31) .
DNA recombination is an integral part of DNA replication and contributes to the structural integrity of the newly replicated genome (for recent reviews, see references 3, 10, and 30). In replicating DNA, X-shaped molecules (xDNA) with properties of Holliday junction intermediates of homologous recombination (21) can be distinguished physically from replicating molecules by two-dimensional gel electrophoresis (5, 43) . The formation of such joint molecules was recently studied within the Saccharomyces cerevisiae ribosomal DNA (rDNA) locus (60) and various loci of Physarum polycephalum (6) . In both organisms, Holliday junction-like xDNA molecules were more abundant in S phase. Interestingly, mutations in polymerases ␣ and ␦ stimulated the formation of Holliday junctions in the S. cerevisiae rDNA locus DNA. The elevated levels of Holliday junctions were found to be dependent on RAD52 but not on the yeast homologs of recA.
It has been postulated that these Holliday junctions represent intermediate structures of the repair of DNA lesions at the replication fork (60) . DNA samples of naturally synchronous nuclei of Physarum polycephalum were used to demonstrate that replication-dependent xDNA molecules are formed between sister chromatids and that the spontaneous interaction between sister chromatids occurred after the passage of the replication fork. Physical interactions between sister chromatids could result from either DNA repair events induced at sites of DNA lesions or incomplete nascent-strand synthesis (20, 25) , or they might be established during replication to maintain a close proximity between the sister chromatids to allow recombinational DNA repair if needed (6) .
Joint molecules seem to be a central intermediate of DNA replication and recombination. Therefore, we strove to investigate the molecular structure of joint molecules. For this purpose, we developed a technique that enables the selective enrichment of physically linked, homologous minichromosomes. We found that in vegetatively growing yeast cells, joint molecules are frequently formed during S phase. The joint molecules have the physical properties of Holliday junctions and/or hemicatenates, as deduced by strand displacement, branch migration, and nuclease sensitivity assays. Joints were found all over the circular minichromosome but more often within the zone of replication termination. The formation of joint molecules was not dependent on Rad52p or on various other proteins involved in DNA recombination, replication, and repair. Our results suggest that joint molecules are postreplicative molecules that result from the replication segregation of the newly synthesized minichromosomes.
MATERIALS AND METHODS
Strains, media, and plasmids. S. cerevisiae A1 (MATa ade2-101 ura3-52 his3⌬200 lys2-801 ⌬bar1::LYS2) was used for all but one set of experiments, for which S. cerevisiae FF18733 (MATa leu2-3,112 trp1-289 ura3-52 his7-2 lys1-1) and isogenic mutant strains were used. To generate the mutants, the gene of interest was replaced by either the kanamycin resistance gene (MUS81, REV3, SGS1, SRS2, RAD52, and RAD54) or the URA3 gene, which was subsequently inactivated by selection for 5-fluoroorotic acid-resistant and uracil-auxotrophic clones (RAD51 and TOP1). Isogenic strains were obtained either by direct gene replacement in the FF18733 strain (⌬rev3 ⌬srs2 ⌬rad51 ⌬rad52 ⌬rad54) or by multiple back-crosses of the W303-1B (⌬sgs1 ⌬top1) and BY-1B (⌬mus81) strains into the FF18733 background. All strains were transformed with YRpTRURAP (54) and grown at 30°C in SD minimal medium supplemented with the appropriate amino acids as described previously (47) .
␣-Factor synchronization. A1 cells grown in SD to a density of 5 ϫ 10 6 cells per ml were synchronized with ␣-factor as previously described (36) .
DNA isolation, enrichment of plasmid DNA by polyethylene glycol, psoralen-DNA cross-linking, and preparative gel electrophoresis. Unless indicated, chemicals were purchased from Sigma. For Fig. 1 and 2 , total DNA of early-log-phase cells was isolated and purified on Qiagen G100 columns according to the protocol of the Qiagen genomic DNA handbook. To avoid possible branch migration, total DNA of early-log-phase yeast cells was isolated according to Allers and Lichten (1) with modifications. In brief, 50 ml of cells was harvested by centrifugation, washed with water, and resuspended in 1 ml of spheroplasting buffer (1 M sorbitol, 10 mM EDTA, 5 mM hexamine cobalt trichloride [HCC], 0.1% [vol/vol] ␤-mercaptoethanol) containing 1,000 U of zymolyase (Seikagaku), and incubated for 45 min at 30°C. Sequentially, 200 l of water, 25 l of RNase A (10 mg/ml), 25 l of proteinase K (20 mg/ml), and solution I (2% cetyltrimethylammonium bromide [CTAB], 1.4 M NaCl, 100 mM Tris [pH 7.6], 25 mM EDTA, 20 mM HCC) were added to the spheroplasts, and the sample was incubated at 37°C for 15 min.
The proteins were extracted with 300 l of chloroform-isoamyl alcohol (24:1), and the supernatant was transferred to a new tube. DNA was precipitated by adding 2 volumes of solution II (1% CTAB, 50 mM Tris [pH 7.6], 10 mM EDTA, 5 mM HCC) and centrifugation for 5 min at full speed in a microcentrifuge. The DNA was resuspended in 0.5 ml of solution III (1.4 M NaCl, 10 mM Tris [pH 7.6], 1 mM EDTA, 1 mM HCC), precipitated with 1 volume of isopropanol, and centrifuged at full speed for 10 min in a microcentrifuge. The pellet was briefly rinsed with 70% ethanol, air dried, resuspended in 100 l of 1ϫ restriction buffer containing MgCl 2 , and stored at 4°C. To enrich for plasmid DNA, 27 l of 2.5 M NaCl-20% polyethylene glycol 8000 was added, and the solution was incubated at 4°C for 2 h. The chromosomal DNA was precipitated by centrifugation in a microcentrifuge at 13,000 rpm at 4°C. The supernatant was applied on a G50 column equilibrated with 1 mM MgCl 2 -1 mM Tris (pH 7.6), and the flowthrough . To achieve sufficient resolution of the 2n spikes of the EcoRI-digested DNA, the second-dimension electrophoresis was prolonged (17 h).
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was precipitated with 250 mM NaCl and 1 volume of isopropanol. The pellet was rinsed with 70% ethanol, air dried, resuspended in 20 l of 1 mM MgCl 2 -10 mM Tris (pH 7.6), and stored at 4°C. Preparative gel electrophoresis and DNA isolation were basically done as described earlier (17) . Enriched minichromosomal DNA was digested with Eco72I (Fermentas) and psoralen cross-linked under the conditions stated below. Per slot, about 500 ng of minichromosomal DNA was electrophoresed in a 0.5% low-gelling-temperature agarose gel (SeaPlaque; FMC) at 1 V/cm for 20 h. A gel slice at the position corresponding to the 1n and 2n-sized minichromosomal DNA was cut out, and the DNA was recovered by digesting the agarose with AgarACE enzyme (Promega). In a 1.5-ml tube, a 250-mg gel slice was heated at 72°C for 5 min and cooled to 42°C and then 1 U of agarose was added. The sample was further incubated at 42°C for 2 h, and the DNA was recovered by subsequent isopropanol precipitation with HindIII-digested phage DNA added as a carrier.
Restriction enzyme, T4 endonuclease VII, and mung bean and S1 nuclease digestion. Restriction enzyme, mung bean, and S1 nuclease digests were carried out in the conditions recommended by the supplier (Roche). T4 endonuclease VII digests were done as described (17) .
Branch migration, strand displacement assay, and psoralen cross-linking. To induce branch migration, restriction enzyme-digested DNA was applied on a G50 column equilibrated in 1 mM Tris (pH 7.6), precipitated with isopropanol, resuspended in 20 l of branch migration buffer (10 mM EDTA, 1 mM Tris, pH 8.0), and incubated at 56°C for 30 min. For the strand displacement reaction, either Klenow or 29 polymerase was used. Stepwise, 1 l of nucleotide mix (5 mM each dATP, dCTP, dGTP, and dTTP; Pharmacia) and 0.5 l of gp32 protein (4 g/l; USB), 0.5 l of Klenow (2 U/l; Roche), or 0.5 l of p5 single-strand binding protein (4 g), and 1 l of 29 DNA polymerase (20 ng) were added to 18 l of restriction enzyme-digested DNA in 1ϫ restriction buffer. The sample was incubated for 30 min at 37°C. Possible branch migration and strand displacement were inhibited by addition of 1 l of 4,5Ј,8-trimethylpsoralen and crosslinking with a 366-nm UV lamp (model B-100 A; Ultra Violet Products, Inc., San Gabriel, Calif.) at a distance of 6 cm for 5 min as previously described (11) .
Agarose gel electrophoresis, Southern transfer, and hybridization. The procedures described by Brewer and Fangman (8) for two-dimensional gels were used with the following minor modifications. The first dimension was 0.5% agarose (Life Technologies) and was run at 1 V/cm for 20 h. The second dimension was run at 4 V/cm for 12 h in 1.0% or 1.2% agarose. Alkaline Southern blotting and hybridization were done as previously described (35) with a gel-purified, randomly 32 P-labeled fragment containing YRpTRURAP as a probe.
Quantification of replicative intermediates and joint molecules. All measurements were done with the Molecular Dynamics ImageQuant software. In brief, after running the first dimension, equal loading of monomer DNA was confirmed by visual inspection. Monomer DNA was cut off, and the remaining DNA was separated in a second-dimension gel. As depicted in Fig. 4A , the signals obtained for the bubble arc, ␦-molecules, and the two 2n spikes were quantified with the indicated areas. To exclude nonspecific background signal, signal obtained from the same areas at a membrane region distant from the replicative intermediates was subtracted.
RESULTS

Discrimination of 2n molecules by two-dimensional gel electrophoresis.
We made use of YRpTRURAP, a small multicopy circular minichromosome that contains an origin of replication (ARS1) and the URA3 gene as a selection marker (Fig.  1A ) (54) . DNA replicative intermediates were separated according to their mass and shape by two-dimensional agarose gel electrophoresis (Fig. 1B) (8) . Depending on the restriction enzyme used to linearize the minichromosomal DNA, we mainly observed the appearance of double-Y (BglII), bubbleshaped (NdeI), or a mixture of asymmetric bubble and asymmetric double-Y intermediates (EcoRI) (Fig. 1C ). This result is in agreement with previous studies (8, 23, 42) which showed that bidirectional replication of a yeast minichromosome terminates in a region opposite the origin of replication (ARS1).
In the NdeI-digested DNA, a prominent spot (Fig. 1C , open arrow) appeared that consisted of molecules with a migration behavior different from that of the bubble-shaped molecules. Replicating simian virus 40 (SV40) molecules with similar migration behavior were previously isolated from preparative two-dimensional gels. Analysis of these molecules by electron microscopy showed that they have a ␦-like structure (J. Wu and J. M. Sogo, unpublished data). Remarkably, two distinct populations of molecules were resolved into two 2n spikes, which presumably correspond to either nearly fully replicated molecules or recombining molecules (black arrows). The faster migration of the nearly fully replicated molecules corresponds to the expected mobility of structures close to but smaller than 2n. To avoid possible loss of 2n molecules, in some experiments minichromosome replication and recombination intermediates were stabilized during DNA isolation by the presence of cetyltrimethylammonium bromide (CTAB) (1) and after various enzymatic treatments by psoralen-DNA cross-linking (36, 43) .
2n-sized molecules resistant to strand displacement. We reasoned that the specific removal of replicating DNA molecules would allow the identification of recombining molecules among the 2n-sized species and vice versa. Resolution of replicating molecules was achieved by the addition of a DNA polymerase, single-stranded-DNA binding protein, and nucleotides which together induce a strand displacement reaction as described for the replication of the linear phage 29 ( Fig. 2A ) (7) . Strand displacement by the 29 P2/P5 complex led to a strong reduction of bubble-and double-Y-shaped replication intermediates, and the 2n spike representing the faster-migrating molecules (Fig. 2B ). Other DNA polymerases in combination with a single-stranded-DNA binding protein were also shown to have strand displacement activity (58) . After Klenow and gp32 treatment, nearly all the replicating molecules disappeared except the fraction of strand displacement-resistant (SDR) molecules, which were already observed after P2/P5 treatment. Recombining molecules show properties similar to those of very late replicating molecules. However, they are easily destroyed by branch migration. To confirm that the SDR molecules show the properties of recombination intermediates, we induced a branch migration reaction by depletion of multivalent cations and heat treatment. After 30 min of incubation under branch migration-promoting conditions, the replication intermediates were still present, while most of the SDR molecules were resolved and disappeared.
SDR molecules are nuclease sensitive. Because the SDR molecules were sensitive to branch migration, we assumed that they represented recombination intermediates. The classical intermediate during homologous recombination is a Holliday junction (21) . Previous studies showed that T4 endonuclease VII cleaves synthetic Holliday junctions efficiently but also recognizes and processes other related DNA structures (24, 26, 27) , including replication intermediates (17) . While T4 endonuclease VII converts replicating molecules into doublestranded fragments of size n and smaller, the cleavage of Holliday junction-like structure should generate only n-sized minichromosomes (Fig. 3A) . T4 endonuclease VII treatment led to the disappearance of most of the branched molecules (Fig. 3B) . We noted that some of these molecules were only partially cleaved by T4 endonuclease VII (only one arm of the 2n molecules was cleaved), which can be seen by the appearance of a faint simple Y arc (right panel). This reduction in T4 endonuclease VII cleavage efficiency most likely resulted from psoralen cross-linking of the DNA, because partially digested molecules were virtually absent in non-cross-linked DNA (data not shown). Next, we enriched for very late replication intermediates (after branch migration), SDR molecules (after strand displacement), and monomers by monodirectional preparative gel electrophoresis (outlined in Fig. 3C ). As illustrated in Fig.  3D , 2n molecules were strongly enriched after twofold purification by preparative gel electrophoresis (lanes 4 and 13). However, we repeatedly isolated a fragment that migrated slightly faster than the SDR and replication intermediate molecules (Fig. 3D, star) . Although we cannot explain the origin of this fragment, it most likely corresponds to 2n molecules with migration properties similar to those of linear molecule (see also Fig. 3B, star) . These linear 2n molecules probably arose from partial digestion of circular minichromosome multimers. Linear 2n molecules are expected to migrate slightly faster than branched molecules of nearly the same size.
T4 endonuclease VII did not alter the structure of isolated plasmid monomers (Fig. 3D, lanes 2 and 11) . However, replication intermediates (Fig. 3D, lane 5 ) and SDR molecules (Fig. 3D, lane 14) were converted into smaller molecules. While cut-replicating molecules were size n and smaller, SDR molecules were converted solely into n-sized products, as predicted (Fig. 3A) . Four-way junctions and replication intermediates (3, 19, 48) are expected to contain a short distorted region or short single-stranded DNA stretches, respectively. We reasoned that these structures might be sensitive to nucleases, which act on gapped (mung bean nuclease) and/or nicked (S1 nuclease) DNAs (33) . Both replicating and SDR molecules were affected by mung bean (Fig. 3D, lanes 6 and 15) and S1 nuclease treatment (Fig. 3D, lanes 7 and 16) . Like T4 endonuclease VII, these nucleases cut replication intermediates into molecules of size n and smaller, while SDR molecules were converted solely into n-sized molecules. Notably, double digestion of the DNAs with T4 endonuclease VII and mung bean (Fig. 3D, lanes 8 and 17) or S1 (Fig. 3D, lanes 9 and 18) nuclease led to an additive digestion of replicating and SDR molecules. This additive effect might be best explained by a complementary mode of cleavage and sequence specificity of the nucleases tested.
SDR molecules are S-phase dependent. Zou and Rothstein described the appearance of recombinant DNA molecules in the rDNA locus of S. cerevisiae during the S phase of the cell cycle (60), while work done in Physarum polycephalum showed that the formation of joint DNA molecules was tightly linked to DNA replication and occurred in late S phase (6) . These findings prompted us to analyze the formation of SDR molecules during the cell cycle in more detail. Cells were synchronized in G 1 with ␣-factor, and following release from the arrest, samples were withdrawn at various time points to isolate the plasmid DNA. NdeI-digested and psoralen cross-linked molecules were analyzed by two-dimensional gel electrophoresis and Southern blotting (Fig. 4A) . The areas depicted in Fig.  4A were used to quantify the levels of SDR molecules and replication intermediates (Fig. 4B) . As shown in . 1A ) following the treatment indicated above the autoradiograms. Note that different gel running conditions (1.5% agarose in the second dimension) were used in the three first panels and that the DNA was purified on Qiagen columns.
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molecules were not present at the G 1 /S boundary, but their formation was stimulated during S phase. Separate quantification of the various types of replication intermediates revealed that replication was most strongly stimulated approximately 45 min after ␣-factor release (Fig. 4B) . However, relative to the replication intermediates, the peak level of SDR molecules was shifted to 60 min after the release, and half of them were still present after 90 min. Thus, the formation and resolution of SDR molecules appeared to be retarded relative to the replication intermediates. This might be interpreted as meaning that SDR molecule formation is a postreplicative process (6) or that SDR molecules are resolved later than replicating DNA. Formation of SDR molecules is Rad52 independent. Next, we wanted to examine the genetic requirements for the formation of SDR molecules. Since the SDR molecules are only present during S phase, we mainly focused on genes involved in the control of replication-associated recombination. These included members of the RAD52 epistasis group (for reviews, see references 40 and 52) and the genes encoding the Holliday junction resolution endonuclease Mus81p (for a review, see reference 18), the Rev3p component of the DNA polymerase involved in translesion synthesis (for a review, see reference 53), the Sgs1p and Srs2p helicases (for a review, see reference 28), and the Top1p topoisomerase (for a review, see reference 59). To get comparable levels of replicating cells and thus recombination intermediates, cultures were grown to the mid-exponential phase, and cells were harvested at optical densities at 600 nm of 0.5 to 0.6.
Prior to psoralen cross-linking and two-dimensional gel analysis (Fig. 5) , NdeI-digested DNA was either mock treated (panels a, b, and c) or incubated with Klenow polymerase, gp32, and nucleotides to induce strand displacement (panels aЈ, bЈ, cЈ, and d to i). Previous studies showed that virtually all mitotic homologous recombination in S. cerevisiae depends on a functional Rad52 protein (25) . Strikingly, the absence of Rad52p did not affect the level of SDR molecule formation (compare panels aЈ and bЈ) and, in accordance with previous observations that Holliday junctions accumulate in DNA polymerase ␣-and ␦-deficient cells via a RecA homolog-independent mechanism (60), the RAD51 and RAD54 genes were also FIG. 3 . Enzymatic characterization of 2n molecules. (A) Putative shapes of 2n molecules. Indicated are the nuclease cleavage sites necessary for structure resolution (arrows). RIs, replicative intermediates; HJs, Holliday junctions. (B) Two-dimensional gel analysis of mock-treated (left) and T4 endonuclease VII-treated (right) minichromosomes. CTAB-purified DNA from cells 90 min after release from ␣-factor was linearized with Eco72I (see Fig. 1 ). The locations of the n-and 2n-sized molecules (arrows and star, respectively, within the dashed lines) are indicated. Note that the experimental conditions led to clear detection of both 2n spikes. In contrast, two-dimensional gel analysis of Eco72I-digested DNA isolated from synchronized cells 45 min after ␣-factor release (data not shown) gave a result similar to that obtained with EcoRI-digested DNA (see Fig. 1C ). (C) Schematic illustration for the isolation of n-and 2n-sized molecules from a preparative gel. After branch migration or strand displacement, molecules were further stabilized by psoralen-DNA cross-linking. With this treatment, structural changes are prevented during the high-temperature DNA extraction procedure from low-melting-point agarose. To remove the correct agarose gel plugs, TRURAP DNA was mixed with HindIII-digested lambda marker DNA (fragment sizes are indicated in kilobases to the right). (D) Southern blot analysis of 2n molecules after branch migration (lanes 1 to 9) or strand displacement followed by psoralen-DNA cross-linking (lanes 10 to18). The n-sized molecules (lanes 1, 2, 10, and 11) and 2n-sized molecules were isolated once (lanes 3 and 12) or twice (lanes 4 to 9 and 13 to 18) from preparative gels. The DNA was either mock treated (lanes 1, 3, 4, 10, 12, and 13) or treated with T4 endonuclease VII (T4), mung bean nuclease (MB), or S1 nuclease (S1), as indicated on top. The migration of the n-sized molecules is indicated to the right. The star indicates putatively linear molecules of size 2n (see text for details). The smear-like signal between the n and 2n molecules (lanes 5 to 7) most likely resulted from partially cleaved replication intermediates. Note that whereas T4 endonuclease VII specifically cleaves the leading arm of the replication forks (17) , the mung bean and S1 nucleases can also cut the lagging arm of the replication forks.
VOL. 23, 2003 RECOMBINATION-INDEPENDENT FORMATION OF JOINT DNA 6367 dispensable (Fig. 5 , panels cЈ and d). While mutations of genes in the RAD52 epistasis group were likely to reduce the level of SDRs, the lack of enzymes possibly involved in Holliday junction resolution might be expected to increase the level of Holliday junction. We can exclude that the Mus81p-containing Holliday junction resolvase complex is required for SDR molecule resolution because joint molecule accumulation was not affected by deletion of MUS81 (Fig. 5, panel e) .
Although we analyzed DNA from cells which were not exposed to DNA-damaging conditions, we could not rule out the possibility that SDR molecules might originate from DNA repair or translesion bypass events at sites of stalled replication forks. For this purpose, we tried to channel the resolution of aberrant replication structures into the homologous recombination pathway by mutation of either the translesion DNA polymerase Rev3p (Fig. 5, panel f) or the Sgs1p and Srs2p helicases (Fig. 5, panels g and h) (15) . Remarkably, deletion of these genes did not increase the level of SDR molecules. Taken together, these results appear to be in conflict with the notion that the SDR molecules are intermediates of homologous recombination, e.g., Holliday junction-like molecules, and support the idea that they consist of hemicatenanes. Type I-like topoisomerase are able to catalyze the formation and resolution of hemicatenanes (34) . Interestingly, Top1p was also dispensable for the formation and resolution of SDR molecules (Fig. 5, panel i) . However, we cannot strictly discount the possibility that Top1 is involved in SDR processing but other topoisomerases substitute for its activity in the top1 mutant background (41) . Similarly, the SDR spike was clearly detectable in top3 mutant cells (data not shown).
Joining of SDR molecules is detected throughout the entire minichromosome. The formation and resolution of SDR molecules during S phase were apparently retarded compared to the replication intermediates. Thus, the separation process of the newly replicated minichromosomes could lead to the appearance of SDR molecules (31, 48) . We therefore analyzed the frequency with which joints occur at different sites along the minichromosome, including a region opposite the origin of replication, where the majority of replication termination takes place (see Fig. 1C ). Prior to two-dimensional gel analysis, the minichromosomal DNA was digested with selected restriction enzymes to generate various deletions of about 500 bp (Fig.  6A) . With the radioactively labeled full-length minichromosome as the probe, we highlighted the joint molecules corresponding to the 2-kb fragments of the minichromosome DNA before (Fig. 6B , top panel) and after (Fig. 6B , bottom panel) strand displacement. Note that the 500-bp fragment migrated out of the gel and could therefore not be detected. The presence of the 2n spikes after strand displacement was clearly detected in all restriction fragments analyzed (Fig. 6B, arrows) . This result indicates that, besides replication termination, other parameters, e.g., replication elongation, determine the physical linking of SDR molecules. Interestingly, only cleavage of the DNA with EcoRV resulted in a decrease in the signal intensity of SDR molecules (data not shown, but compare spike signals in Fig. 6B ).
DISCUSSION
In this work, we analyzed the molecular structure and formation of xDNA molecules, which occur during replication of vegetatively growing yeast cells. Our results confirm that minichromosome replication in S. cerevisiae initiates at the ARS1 origin and proceeds in a bidirectional manner (8, 23, 42) . Termination of replication did not occur at a specific site diametrically opposed to the origin but most frequently along the hemisphere opposite the ARS, as evidenced by a vertical spike in two-dimensional gel analyses. This vertical spike has been observed in replicating DNA of a variety of organisms (6, 9, 16, 44, 60 ). Yet, in contrast to other studies, our experimental conditions revealed the existence of a second so-called 2n spike. This led us to propose that one of the 2n spikes consisted of recombinant structures, while the other consisted of nearly fully replicated minichromosomes.
The structural similarities of late replicating and joint DNA molecules have always been an impediment in the analysis of xDNA. We reasoned that the free 3Ј hydroxyl group present in the elongating strand of a replicating molecule could serve as a primer for subsequent DNA synthesis by a DNA polymerase (see Fig. 2A ). Indeed, the replication intermediates were a substrate for strand displacement by 29 or Klenow polymerase, in combination with single-stranded-DNA binding protein. Since joint DNA was sensitive to branch migration, we were able to subdivide the 2n spikes into two physically distinct categories of DNA molecules. One 2n spike contained (slightly slower migrating) molecules resistant to strand displacement and sensitive to branch migration (SDR molecules), while molecules in the second 2n spike (termed replication intermediates) showed the opposite properties.
SDR molecules with intact phosphodiester backbones consist of either Holliday junctions or hemicatenated DNA (see also Fig. 3A) . To discriminate between these possibilities, we subjected the SDR molecules to nuclease digestion. Several nucleases have been shown to cleave synthetic Holliday junctions (46) . Among these, T4 endonuclease VII has the poorest DNA sequence specificity and also exhibits general activity on (26) . T4 endonuclease VII cleaved SDR molecules into linear duplex products of size n. Resolution of the SDR molecules into linear duplex products of size n supports the idea that they consist of Holliday junctions or T4 endonuclease VII-sensitive hemicatenanes. Remarkably, digestion of SDR molecules with nucleases that have a single-strand specificity led to the same result. The crystal structures of synthetic Holliday junctions showed minor distortions from B-DNA at the junction (14) , but it remains to be elucidated to what extent such distortions are recognized by the nucleases. Thus, nuclease digestions also allowed us to distinguish between replication intermediates and SDR molecules, but they did not discriminate between Holliday junctions and hemicatenanes Since the appearance of joint molecules in the S. cerevisiae rDNA array (60) as well as in a single-copy DNA fragment of P. polyceaphalum (6) and Schizosaccharomyces pombe (44) was shown to be tightly restricted to S phase, we examined the cell cycle dependency of SDR molecule formation. SDR molecules were essentially absent at the G 1 /S boundary (after ␣-factor arrest), although in haploid cells the minichromosomes exist in multiple copies and therefore could serve as a substrate for joint molecule formation by homologous recombination. The appearance of SDR molecules was dependent on entry of the cells into S phase and appeared to be retarded relative to the formation of replication intermediates. Thus, either the SDR molecules are formed postreplicative, or they are the result of a process that is active only in late S phase. In accordance with other reports (6), we noted that hydroxyurea further retarded the formation of joint molecules (90 min after release in hydroxyurea; data not shown). ARS1 is a replication origin that is activated during early S phase, and the presence of hydroxyurea still led to replication activation. However, the slowing down of DNA synthesis by hydroxyurea (49) delays the termination of replication and the appearance of the joint molecules, suggesting that these events are connected.
We envisaged that SDR molecules are intermediates of the repair or the bypass of DNA lesions during replication or replication termination. We monitored SDR molecule levels after the disruption of genes that control the DNA strand exchange reaction during homologous recombination (RAD52, RAD51, and RAD54) (40) or the formation, prevention, and resolution of reversed forks, including a lesion bypass polymerase, DNA helicases, and a Holliday junction resolvase (REV3, SGS1, SRS2, and MUS81) (29) . Strikingly, disruption of all of these genes did not alter the level of SDR molecule formation. It is particularly surprising that Rad52p is dispensable, because this protein is vital for mitotic homologous recombination and Holliday junction formation in rDNA (60) and cannot be substituted for by other proteins, including its structural homologue, Rad59 (2). Thus, either a yet-to-be-identified protein(s) is able to form SDR recombinant molecules by a process independent of Rad51p, Rad52p, and Rad54p or the SDR molecules do not represent intermediates of homologous recombination.
Reversed replication forks have been proposed to arise at sites of stalled DNA replication (20, 49) . A reversed fork would allow the bypass of DNA lesions on the leading-strand template (20) , or could be cleaved by Holliday junction resolvases, generating a broken replication fork (45) . Obviously, the processing of a reversed replication fork might be involved in the generation of SDR molecules but disruption of either REV3, SGS1, SRS2, or MUS81 had no noticeable effect on the level of SDR molecules. This result is in line with a delayed appearance of SDR molecules relative to the progression of replication forks. If reversed forks were the source of SDR molecules, one might have expected contemporaneous formation of replication intermediates and X-shaped DNA.
Finally, we envisioned the possibility that SDRs might be an intermediate in the late steps of replication termination. Topoisomerases are needed to unlink DNA during and after replication (56) . The effects of topoisomerase inactivation in S. cerevisiae include minichromosome multimerization (55) and aberrant replication termination and recombination (32) . Type I topoisomerases carry out reactions that involve the breaking of only one strand of DNA (4) . Therefore, strains carrying mutations in TOP1 should display increased levels of SDR molecules if this protein is needed to resolve hemicatenanes. However, the disruption of TOP1 did not affect either the formation or the resolution of SDR molecules. It is conceivable that Top1p is dispensable for SDR molecule resolution (25) . Our observation that the crossing of minichromosomes is more frequent in a zone of replication termination (EcoRV cleavage led to a decrease in the signal intensity of the SDR molecules; see Fig. 6B ) suggests that the formation of a substantial amount of SDR molecules is associated with termination of replication. Electron microscopy should provide an elegant method for visualization of SDR molecules and for mapping the branch point of joint molecules.
SV40 molecules have the structural features of joint circular minichromosomes. In electron micrographs of SV40 molecules, we frequently observed replicated DNA molecules with point connections at the level of single-stranded DNA (48) . Individual micrographs of psoralen cross-linked molecules spread under denaturing condition (31, 48) have not determined whether the two circular molecules were joined by strand exchange or by hemicatenation. However, most of the molecules were observed to lack the open Holliday junction configuration, which should be seen more frequently than crossed configurations if a strand exchange process indeed took place between the two rings (12) . Statistically, a homologous recombination event between identical DNA sequences should occur with equal frequency along the entire molecule. However, in psoralen cross-linked SV40 minichromosomes, the joins also mainly coincided with the region of replication termination (48) .
Our experimental data support the idea that SDR molecules are mainly made up of hemicatenated minichromosomes. The hemicatenated molecules are formed postreplicatively and mark an intermediate in replication segregation. If hemicatenanes exist as structures, as proposed by Laurie et al. (31) , the parental strands should remain linked to one another, while the two newly synthesized daughter strands should remain unlinked. One might predict that pulling apart the crossing of the parental strands could structurally resemble a double Holliday junction structure. Thereby, a hemicatenane could be spontaneously converted into a recombination-like intermediate that would not lead to recombinant molecules and that would be independent of strand invasion-promoting activities but dependent on resolving activities. It will be challenging to see whether our results can be reproduced in linear chromosomes or if the SDR molecules are a particularity of small, circular minichromosomes.
In chromosomes, the hemicatenanes could be formed after the passage of the replication fork (6), giving rise to replicating bubbles carrying a hemicatenane (39) . This would be consistent with roughly half of the SDR molecules' being located outside the replication termination zone. Furthermore, the accumulation of SDR molecules at the termination zone of replication could be a consequence of the relatively long halflife of molecules in the late stage of replication relative to molecules with proceeding replication forks. This fit well with the data obtained from EcoRV-digested DNA, where, after removal of the termination zone, both strand displacementsensitive and SDR molecules were less abundant. Further experimentation in different recombination-deficient backgrounds might help to untangle the genetic and enzymatic requirements for SDR molecule formation and resolution. Moreover, selective strand displacement and psoralen-DNA cross-linking will offer a new tool to study SDR molecule and Holliday junction formation stimulated by defective proteins (37, 60) or DNA damage (38) .
